photometry at other wavelengths, our best estimate of the molar absorptivity of I at 311 nm in 10 mmol/L NaOH at 25 was 9867L.mol.cm, with a total uncertainty of 76 L#{149}molcm1.
We recommend that I used in clinical laboratories for measurement of alkaline phosphatase activity in serum meet the specifications given in this paper: I content >98%, maximum activity >98% in comparative testing with other "acceptable" lots of I, and impurities not to exceed the values cited above. Because 4NP is highly colored in alkaline media, its rate of production in the reaction mixture can be easily followed spectrophotometrically.
Many of the buffers used to establish these alkaline conditions (pH > 10) also participate in the hydrolysis reaction (4) (5) (6) (7) (8) (9) (10) (11) (12) . This transphosphorylation process may speed up the reaction as much as threefold.
It is especially noteworthy that four of five national recommendations for reference methods for alkaline phosphatase are based upon the use of 4NPP in transphosClinical Chemistry Laboratory, Department of Pathology, Hartford Hospital, Hartford, CT 06115. Formerly a Volunteer Research Technician in Clinical Chemistry, Department of Volunteer Service, Hartford Hospital.
2 Nonstandard abbreviations used: 4NPP, 4-nitrophenyl phosphate; 4NP, 4-nitrophenol; NCCLS, National Committee for Clinical Laboratory Standards; NBS, National Bureau of Standards; SRM,; Standard Reference Material (from NBS); r', the apparent molar absorptivity (moles uncertain).
Received Aug. 4, 1980 ; accepted Oct. 25, 1980 .
phorylating buffers (13) (14) (15) (16) (17) (18) (19) ; the fifth involves phenyl phosphate in carbonate/bicarbonate buffer (13) . 4NPP is the substrate most widely used for making alkaline phosphatase activity measurements (3, pp 290, 291 ), yet specifications for selecting appropriate high-quality materials are not available. The absence of these specifications-particularly the lack of a recognized molar absorptivity value for in considerable uncertainty in the preparation of exact substrate concentrations.
Several reports document
the existence of problem lots of 4NPP, associated with diminished activity in comparison with other "acceptable" lots (3, pp 306-308; 20-25) . In an earlier paper (22) , we classified six of 16 commercial lots of 4NPP as "unacceptable,"
four as "borderline,"
and only six as "acceptable." Two of the "unacceptable" materials supported far less than 50% of maximum activity and one of these was subsequently shown to be grossly contaminated with bis (4-nitrophenyl) phosphate, a known alkaline phosphate inhibitor (3, p 307). Here we consolidate our findings after examining 37 additional lots of 4NPP. We describe some simple test procedures that have helped us recognize lots of 4NPP that result in low activity measurements as compared with those that support maximum alkaline phosphatase activity. These studies have led to a revised set of recommended specifications for 4NPP.
Materials and Methods
The 53 lots of 4NPP were obtained from 20 suppliers:l that listed 4NPP in their catalogs. We were primarily interested in the disodium hexahydrate salt of 4NPP (formula weight, 371.15), but we also included several other salts of 4NPP in the study (Table 1 , no. 1-7). For 33 lots the formula weight for the disodium hexahydrate salt was given as 371 on the label; for 11 lots either the formula weight of 263 for the anhydrous form was listed or no information given at all. One material (no. 8) was said to be the tetrahydrate; another (no. 12) was called the pentahydrate.
For 16 lots, in addition to formula weight, information on the measured water content was given, ranging from 28.2 to 30.8% by analysis (theoretical, 29.1%). We stored the materials in their original containers, in the dark, at 4 #{176}C with the closures securely tightened to prevent dehydration.
Several of the older materials (no. 8-10) had an uncertain history as to date of purchase and storage conditions after arrival in this laboratory, but we included these materials '(Found/expected) X 100.
#{176} Area of peak at 311 nm having a chromatographic retention time of 3.5 mm, as a percentage of the total area of alt peaks absorbing at 311 nm.
% of the maximum activity of acceptable lots.
'The bis(2-amino-2-methyl-1-propanol) salt. I Multiple peaks in additionto that at 3.5 mm.
to demonstrate the full scope of the problems one might encounter.
The reagent grade water we used in these studies conformed to NCCLS/TSC-3
Type I specifications (26) and the volumetric glassware to NBS Class A specifications. All volumetric glassware were used at 25 #{176}C and no systematic correction for difference from the original at 20 #{176}C was made. Gravimetric weighings were made with a Model H2OT semimicro balance (Mettler Instrument Corp., Princeton, NJ 08540); the balance accuracy was checked with NBS Class S weights. All spectrophotometric measurements were made on solutions in a special quartz cuvette (NBS/SRM 932), certified for pathlength of 10 mm ± 0.0005 mm (27) , against air in the reference beam. The spectrophotometer was a Cary 219 (Varian Associates, Palo Alto, CA 94303). Wavelength and photometric accuracy were checked frequently by techniques described previously (28, 29) . The maximum spectral bandwidth was 2.0 nm at 311, 401, and 432 nm.
All absorbance measurements were corrected for the 10 mmol/L NaOH blank and for any thermochromic effects if the temperature deviated from 25 #{176}C by more than 0.1 #{176}C (30) . We converted absorbance values to molar absorptivity values using the relationship
A/bc. If c was known with certainty, the C value was calculated; if c was determined only by weight, then this value e' was called an apparent molar absorptivity (see Table 1 ).
Weighings of 4NPP and most subsequent volumetric manipulations to determine YI'm were designed in general to restrict analytical errors to <0.1%. After samples were weighed, exposure to the potentially dehydrating atmosphere of ambient laboratory air was kept to a minimum. After equilibration to the temperature of the balance room, the container was opened to air only briefly, as required to weigh a single sample. In the preparation of 0.1 mmol/L solutions, about 74 mg of 4NPP, weighed to the nearest 0.01 mg, was transferred quantitatively to a 2-L volumetric flask. Water was added to dissolve the 4NPP, then 20 mL of 1 mol/L NaOH was added before filling the container with water to the mark at 25 #{176}C. The absorbance at 311, 401, and 460 nm was measured at 25 #{176}C. Five of these 0.1 mmol/L 4NPP solutions from "acceptable" materials were subsequently used to determine the 4NPP mole fraction by enzymic conversion to 4NP (see below).
Lots passing initial spectrophotometric criteria were further tested for 4NP and other impurities. Solutions of 100 mmol/L 4NPP were prepared by dissolving 111 mg of sample in 3.0 mL of 10 mmol/L NaOH. All of the following analyses were run on this solution: the 4NP content was estimated from absorbance at 432 nm (25 #{176}C Inc., Lexington, MA 02173). Experiments to determine the minimum value for e of 4NP-free 4NPP at 401 and 432 nm were done as follows:
1. We adjusted the p1-I of 10 mL of a 20 mmol/L solution of a 4NPP sample with an originally low 4NP content to pH 1.8 by adding 0.2 mL of 1 mol/L H2S04.
2. We extracted 4NP from the aqueous solution with 50 mL of dichloromethane by two successive 1-mm shakings in a 125-mL separatory funnel. The organic (lower) layer, which contained nearly all the 4NP, was discarded. 3. At certain intervals after the acidification, we added 0.5-mL portions of 1 mol/L NaOH to each of two 4.5-mL aliquota of the aqueous layer: to one after 10 mm and to the other after 20 mm.
4. After the NaOH was added to each aliquot, we promptly measured the absorbances at 401 and 432 nm. We also measured the absorbance at 311 nm of a 200-fold dilution of the first of these alkali-treated aliquots and calculated the concentration of 4NPP from the molar absorptivity of 4NPP 'unacceptable" 4NPP dicyclohexylamine salt shows a major peak at 3.5 mm after the 4NPP peak, a minor unidentified peak at 5.5 mm, and 4NP; E. 'unacceptable" 4NPP, showing multiple unidentified peaks: note that the 4NPP peak is extremely small, is preceded by two small peaks, and is followed by a peak at 3.5 mm and by 4NP; a major peak at 46 mm is poorly resolved but clearly makes up most of this heterogeneous material same period the activity measurement is made (31) . Replicate alkaline phosphatase assays (usually n = 20) were made with each lot of 4NPP. The human serum used for testing these substrates contained a high activity of predominantly "liver" alkaline phosphatase isoenzyme; it consisted of sera from many patients hospitalized with obstructive liver diseases, combined to give one 500-mL pool. The pool was filtered through a 0.2-.tm (av. pore size) nitrocellulose membrane (Millipore Corp., Bedford, MA 01730), as previously described (32) . Ethylene glycol was then added (30 volumes to 70 volumes of serum). After being left at 4 #{176}C for several months, the pool was again filtered through a similar membrane before use. During 20 months, the activity of this pool, which was monitored during the comparative testings of substrates, decreased slowly from 250 to 230 U/L at 29.77 #{176}C. The assay precision for each lot of 4NPP tested ranged from 1.1 to 1.9 U/L (CV, 0.4 to 0.8%) after outliers beyond 3.5 SD were systematically eliminated as previously described (33) .
The exact mole concentration of 4NPP in selected lots was determined by enzymic conversion to 4NP as follows. We Using "high-performance" liquid chromatography, we attempted to detect residual trace amounts of 4NPP in the solutions that were converted to 4NP. Instrumentation used for these experiments included a Model 6000 A solvent-delivery system and a tBondapak C18 column (both from Waters Associates, Milford, MA 01757) and a Model LC75 detector (Perkin-Elmer Corp.) set at 311 nm. We measured the peak areas with a Supergrator Model 3A Programmable Computer Integrator (Columbia Scientific Industries, Austin, TX 79908). The mobile phase, pumped at flow rates of 2 mL/min, was a (3/1 by vol) mixture of phosphate buffer (10 mmol/L, pH 4.4) and acetonitrile.
We injected 15 tL of either the converted 4NPP solutions or appropriate standards directly into the chromatographic system. A 0.1 zmolfL concentration of 4NPP added to a 50 mol/L solution of 4NP was unequivocally demonstrated.
Liquid chromatography was also used to detect and quantitate compounds other than 4NPP or 4NP that absorbed at 311 nm. The same instruments, column, and flow ratewere used, but the mobile phase was changed to a mixture of 10
The "2" in thisformula correctsfordilution made after the hydrolysis (500 mL to I L). mmol/L phosphate buffer, pH 6.5,and methanol (7/3by vol). We injected 15 tL of 2.7 mmol/L 4NPP in mobile phase and calculated the peak areas. We used the relative peak areas from the impurities that absorbed at 311 nm to correct the A:tii nm spectrophotometric value on the 0.1 mmol/L solutions of 4NPP whenever the peak area for an unidentified compound with a retention time between that of 4NPP and 4NP exceeded 0.01% of total peak area (see Figure 1) .
Reults
We divided the 53 lots of 4NPP into three major categories, in increasingly more restrictive specifications. These criteria were used to classify 21 of the materials as "unacceptable." As shown in Table 1 , seven materials(no.1-7) were rejected as not beingthesodium salt, the only form we accepted. Although the remaining 46 materials were thesodium salt, the hydration state of these materials was aften ambiguous.
The disodium hexahydrate salt of 4NPP is usually obtained as a white crystalline material; however, seven lots (no. [8] [9] [10] [11] [12] [13] [14] were deep yellow. These lots of yellow material were associated with low enzymic activity or with blanks too high to permit enzymic assay. More rigorous testing of 0.1 mol/L 4NPP solutions by spectrophotometry revealed that, besides the seven grossly yellow materials, another seven lots (no. 15-21) had excess 4NP content as shown by I','m values >70 L.mol'. cm'. There was a correlation between excessive 4NP content as revealed by the 1''m values and low enzymic activity in all but one lot (no. 19) of these 14 rejected lots.
Twenty-siy. materials supported >97% of maximum activity in comparative
testing, yet failed one of our other tests; we classified these as "borderline."
Absorbances measured at 311 nm on the 0.1 mmol/L solution of 4NPP indicated that the apparent molar absorptivity values (') of seven lots (no. C Estimated impurity from all non-4NPP peak areas as a percentage of total peak area of materials absorbing at 311 nm in liquid chromatogram.
By liquid-chromatographic separation and quantitation of peak areas at 311 nm we checked for compounds other than 4NPP and 4NP that would contribute to the absorbance at this wavelength and thus falsely increase the final calculated Ej'm values. Figure 1 , a tracing of several such chromatograms, shows the peak for 4NPP at 1.5mm and 4NP at 7.7 mm after injection. Unknown peaks at 3.5, 5.5, and 46 mm were also seen in some "borderline"
and some "unacceptable" materials. Table 1 lists the area under the peak at 3.5 mm, which appeared in 25 of 44 of the lots studied and accounted for 0 to 15% of the total peak area. Lots 2 and 14, shown in Figure 1 , illustrate heavily contaminated materials. The peak at 3.5 mm was tentatively identified5
as a pyrophosphate derivative of 4NPP, and that at 46 mm as bis (4-nitrophenyl) phosphate; the remaining peaks are unidentified.
Six of 38 materials that fell into the "unacceptable" or "borderline" groups failed to meet the criterion that 4NPP be 99.7% pure by liquid chromatography for acceptance as highest quality material (see Tables 1 and 4 ). All six of the fully "acceptable" materials met this rigorous chromatographic criterion.
More accurately to measure the 4NP contamination of 4NPP for the purpose of categorizing materials as either "borderline"
or "acceptable," we made measurements at 432 nm rather than 401 nm. As shown in Table 1 Table 2 , the assays indicated that 98.6 to 99.8% of the material in these lots could be accounted for as disodium 4NPP hexahydrate.
Discussion
The data in Table 1 make it clear that specifications backed by in-laboratory testing of 4NPP are required to ensure that high-quality 4NPP is being used for alkaline phosphatase measurements. Such information is particularly necessary for methods designated as national reference methods.
Our rejection of salts of 4NPP otherthan the disodium hexahydrate salt form was not entirely arbitrary. The dicyclohexylamine cation associated with a 4NPP salt inhibits alkaline phosphatase activity (3, p 308). Also, as shown in Table 1 , all non-sodium salts we tested gave values outside our limits; two of them contained unacceptable amounts of 4NP. However, we hasten to caution that these apparent molar absorptivities for the non-sodium salts of 4NPP can be misleading, because, as shown in D of Figure 1 , lot no. 2 was found to have a second major 311-nm peak at 3.5 mm, representing 15% of the total peak area. The single most useful spectrophotometric screening of disodium hexahydrated 4NPP that quickly excludes materials having low enzymic activity is the apparent molar absorptivity limit of <70 L.molcm . However, the measurement of very small amounts of 4NP contamination in 4NPP by absorbance at 401 nm is very difficult to reproduce. A more discriminating test for 4NP contamination
is needed, because all tested lots of 4NPP showed the presence of some contamination.
As shown graphically in Figure 2 and listed in Table 3 , the molar absorptivity of 4NP at 432 nm is exactly half that at 401 nm; furthermore, that at 460 nm is exactly equal to that at 311 nm. We chose the 432-and 460-nm wavelengths for measurements of 4NP in 4NPP because of these arithmetic relationships and because of the extremely low absorbance of 4NPP at these wavelengths.
We found that establishing reliable molar absorptivity
()
values for 4NPP at 311, 401, and 432 nm was extremely difficult. The problem of trace amounts of 4NP in even the best commercial materials available, their variable water content, and the further uncertainty introduced by other trace impurities had to be overcome. was obtained at 310 nm with disodium 4NPP tetrahydrate (L. Berger, Sigma Chemical Co., letter dated 9/14/64). As already mentioned, we suggested a value of 9850 L#{149}mol"cm' at 311 nm after studying 16 materials in 1976, but that value had not been corrected for impurities in the 4NPP (22) . Because minor contamination with 4NP, inorganic phosphate, and uncharacterized impurities often occur in 4NPP and because the water content of the salt can vary considerably, known molar quantities of 4NPP cannot be measured by weighing without knowing the purity of the 4NPP being sampled or without determining the amount of 4NPP in a sample by specific measurements.
We find the best way to determine the quantity of 4NPP in a sample is to convert all 4NPP into 4NP.
The enzymic hydrolysis technique described under Materials and Methods affords a reliable and relatively simple means for the assay of 4NPP. The precision of the results, based on replicate analysis (n = 5 duplicates) was 0.1%. A stoichiometric hydrolysis of 4NPP to form stable 4NP is assumed to occur within the 24-h reaction period because none of the original 4NPP was detected in these "converted" solutions on liquid-chromatographic examination with a method sensitive to 0.1 gmol/L 4NPP in the presence of 50 zmol/L of the 4NP reaction product.
Using liquid chromatography we separated and measured the various components that contributed to the total absorbance at 311 nm in most of the 4NPP samples. None of the "acceptable" lots revealed any peaks other than 4NPP except for negligible 4NP peaks. In contrast, about half of theother lotshad minor peaks such as those shown at 3.5 mm in C of 401 rim see ae Table 2 lists the i'r'm values,calculatedaftercorrection forAm and the measured molar concentration of 4NPP after hydrolysis to 4NP, for five of the six "acceptable" lots of 4NPP. After the final small corrections for the actual mole concentration of 4NPP found, the molar absorptivity ranged from 9837 to 9894, giving a mean (and SD) of 9867 (26.6) L'mol'.cm' (CV, 0.27%). Without the corrections from measurements of the exact 4NP and 4NPP concentration, the molar absorptivity would have been about 0.6% lower. In these five lots it was not necessary to make the corrections forchromatographically demonstrated impurities absorbing at 311 nm.
